Abstract. The polyphenolic compound, curcumin, is a natural yellow pigment component of turmeric. It exerts various biological effects, such as anti-inflammatory effects, and we have previously demonstrated that curcumin is a specific inhibitor of DNA polymerase λ. Curcumin is characterized by poor bioavailability as it is water-insoluble, is poorly absorbed and is systemically eliminated. In order to increase the bioavailability of curcumin, in this study, we produced a curcumin-loaded lipid nanoemulsion of various particle sizes (50, 100 and 200 nm). The curcumin lipid nanoemulsion was prepared by a modified thinfilm hydration method followed by sonication. To identify the optimal particle size which exhibits the strongest physiological activity, we investigated the inhibitory effects of the obtained nanoemulsions against inflammatory and allergic activities. In in vitro cell culture experiments, the 100-nm curcumin lipid nanoemulsion showed the most prominent inhibitory effect on the production of tumor necrosis factor-α (TNF-α) induced by lipopolysaccharide (LPS) in RAW264.7 murine macrophages, and on the release of β-hexosaminidase induced by the calcium ionophore, A23187, in rat basophilic leukemia RBL-2H3 cells.
Introduction
Curcumin, a hydrophobic polyphenol derived from the rhizome of the herb, Curcuma longa (turmeric), has a wide spectrum of biological and pharmacological activities. Chemically, curcumin is a bis-α,β-unsaturated β-diketone (commonly known as diferuloylmethane), which exhibits keto-enol tautomerism having a predominant keto form in acidic and neutral solutions and a stable enol form in alkaline media. Turmeric has traditionally been used in the treatment of a number of ailments, particularly as an anti-inflammatory agent, and curcumin has been identified as the active component (1) . Curcumin has been shown to possess anti-inflammatory (2), antibacterial (3, 4) , antifungal and anti-yeast (5), anti-hypercholesterolemic (6), anticancer (7) (8) (9) (10) , antimutagenic (11) , antiparasitic (12) , antitumor-promoting (13) , anti-proliferative (14) , as well as MDR modulator effects (15) , among others. In previous studies of ours, we reported that curcumin specifically inhibited the activity of DNA polymerase λ (Pol λ), a DNA repair/ recombination Pol, with a half-maximal inhibitory concentration (IC 50 ) of 7.0 µM (16, 17) . This compound also suppressed the lipopolysaccharide (LPS)-induced production of tumor necrosis factor-α (TNF-α) in RAW264.7 murine macrophages and attenuated 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced ear inflammation in mice (16, 18) . We have also previousy suggested that the anti-inflammatory effects of curcumin may due to the inhibition of Pol λ activity (19) .
Several investigators, ourselves included, have investigated plasma curcumin levels in clinical trials and have reported that plasma levels remained low despite the intake of gram doses of curcumin (20) (21) (22) (23) . Furthermore, a curcumin intake >8 g was not shown to increase blood curcumin levels in healthy volunteers (24) . Thus, the low bioavailability of curcumin is a major issue facing investigators seeking to verify the therapeutic efficacy of this promising agent in clinical trials. Therefore, we focused on improving the bioavailability of curcumin through the use of an innovative drug delivery system, whereby curcumin is incorporated into a lipid emulsion of various nanoorder diameters (i.e., lipid nanoemulsion).
Emulsion-based delivery systems are being increasingly used in the pharmaceutical industry to incorporate lipophilic bioactive components (25) . Nanoemulsions, or oilin-water (O/W) emulsions, can be prepared by solubilizing lipophilic bioactive components within the oil phase, and then homogenizing this phase with an aqueous phase containing a water-soluble emulsifier. The size of the droplets produced depends on the composition of the system and the homogenization method employed. O/W conventional emulsions and nanoemulsions are both thermodynamically unstable systems that consist of emulsifier-coated lipid droplets dispersed within an aqueous medium (26) . Lipid emulsions have also been used as a promising drug delivery system to target tissues (27, 28) . Moreover, a number of studies have demonstrated the validity of lipid emulsions as a parenteral drug delivery device (29) (30) (31) . They have certain advantages, such as good biocompatibility, biodegradability, physical stability and ease of large-scale production. In addition, they can incorporate hydrophobic and amphipathic drugs due to their structural characteristics. Since curcumin is hydrophobic in nature, it can be incorporated into a lipid emulsion. Thus, lipid emulsions represent a promising means with which to deliver curcumin.
In the present study, we prepared curcumin lipid nanoemulsions of various particle sizes and assessed the effects of particle size the on physiological activities, such as the antiinflammatory and anti-allergoc activities, of curcumin in vitro and in vivo.
Materials and methods

Materials.
Curcumin and LPS were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Murine macrophages (RAW264.7) and rat basophilic leukemia (RBL-2H3) cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). All other reagents were of analytical grade and were obtained from Nacalai Tesque, Inc. (Kyoto, Japan).
Preparation of curcumin lipid nanoemulsions.
The curcumin lipid nanoemulsions (O/W emulsions) were prepared using a slightly modified thin-film hydration method at room temperature (24˚C) as previously described (32, 33) . In brief, the emulsions consisted of soybean oil, hydrogenated L-α-phosphatidylcholine (HEPC) from egg yolk, water, curcumin and an appropriate co-surfactant, such as polyoxyethylene [20] sorbitan monooleate (Tween-80). The soybean oil and HEPC were dissolved in 4 ml of chloroform. Curcumin was dissolved in 4 ml of chloroform. Tween-80 was dissolved in 2 ml of chloroform. A mixture of these 3 solutions was dried by rotary evaporation for 20 min, and then subjected to vacuum desiccation for 3 h to generate a dry thin film. The film was hydrated with 30 ml of distilled water warmed at 50˚C in a bath-type sonicator (Branson-Yamato 2510, Bransonic; Emerson-Japan, Kanagawa, Japan). In order to obtain the desired emulsion particle size, the hydrated curcumin emulsion was sonicated for 60 min maximum with a bath-type sonicator thermostated to 25-55˚C. The sonication was performed as follows: 3 min of sonication and subsequent 2 min of cooling, which was repeated for 60 min.
Measurement of particle size. The particle size of the lipid nanoemulsions was measured by a dynamic light scattering method using a Zetasizer 3000HSA (Malvern Instruments Ltd., Worcestershire, UK) at room temperature. Particle size data were expressed as the means of the Z-average of 3 independent batches of the nanoemulsions.
Cell culture. RAW264.7 murine macrophages were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 1.0 g/l glucose and sodium pyruvate plus 10% fetal bovine serum (FBS), 5 mM L-glutamine, 50 U/ml penicillin and 50 U/ml streptomycin. Rat basophilic leukemia RBL-2H3 cells were cultured in Eagle's minimum essential medium (EMEM) supplemented with 10% FBS, 5 mM L-glutamine, 50 U/ml penicillin and 50 U/ml streptomycin. All cells in standard medium were cultivated in a humidified incubator of 95% air and 5% CO 2 at 37˚C.
Animals. Male 8-week-old C57BL/6j mice (body weight range, 22-27 g) and male 6-week-old ICR mice (body weight range, 25-27 g) were obtained from Japan SLC, Inc. (Hamamatsu, Japan). Mice that had been bred in-house with free access to a standard diet (MF; Oriental Yeast Co., Ltd., Osaka, Japan) and water were used for all the experiments. All mice were maintained under a 12 h light/dark cycle and housed at a room temperature of 25˚C. All animal studies were approved by the Kobe Gakuin University Animal Committee (Kobe, Japan) according to the university guidelines for the 'Care and Use of Laboratory Animals'.
Measurement of TNF-α secretion in RAW264.7 cells. The RAW264.7 cells were seeded at 4x10 4 cells/well in a 96-well plate and incubated for 24 h. The cells were then treated with a final concentration of 6.5 µg/ml of the test compound for 30 min prior to the addition of 50 ng/ml LPS, a major component of the outer membrane of Gram-negative bacteria. Following LPS stimulation for 24 h, the cell culture medium was collected and the amount of secreted TNF-α was quantified using a commercially available enzyme-linked immunosorbent assay (ELISA) development system (eBioscience Co., Ltd., Kobe, Japan) in accordance with the manufacturer's instructions.
Measurement of serum levels of TNF-α in mice.
The C57BL/6j mice were given only water for 24 h prior to the oral administration of the test samples. The mice were orally administered 8 mg/kg body weight of the test compound or 200 µl of distilled water as a vehicle control. After 2 h, the mice were intraperitoneally injected with 250 µg/kg body weight of LPS dissolved in phosphate-buffered saline (PBS) or 200 µl of PBS as a vehicle control. After 1 h, the mice were sacrificed, and whole blood was collected. The serum was separated by centrifugation at 5,000 x g for 10 min at 4˚C. The serum TNF-α levels were measured using the above-mentioned ELISA kit.
Measurement of β-hexosaminidase release in RBL-2H3 cells.
It has been previously reported that the release of β-hexosaminidase positively correlates with the release of histamine, which is a major component of mast cell granules (34); therefore, in this study, mast cell degranulation was estimated using a β-hexosaminidase release assay as previously described by Sato et al (35) , with minor modifications. Briefly, the RBL-2H3 cells were seeded at 2x10 5 cells/well in a 24-well plate and incubated for 24 h. The cells were washed with Tyrode's buffer (8 mg/ml NaCl, 1 mg/ml glucose, 1 mg/ml NaHCO 3 , 0.2 mg/ml KCl and 0.05 mg/ml NaH 2 PO 4 ) containing 1 mM CaCl 2 and 0.5 mM MgCl 2 . Individual test compounds were added at a final concentration of 6.5 µg/ml in Tyrode's buffer. The cells were then stimulated with 5 µM of A23187 (a calcium ionophore) and incubated for 90 min. Following centrifugation for 3 min at 10˚C, 100 µl of the cell supernatant were mixed with substrate solution (2 mM p-nitrophenyl-Nacetyl-β-D-glucosaminide in 0.1 M sodium citrate buffer, pH 4.5). The mixture was incubated for 90 min at 37˚C and the reaction was then terminated by the addition of stop buffer composed of 0.2 M glycine buffer at pH 11.0. The absorbance at 405 nm was measured using a microplate reader (Vmax-K; Molecular Devices, LLC, Sunnyvale, CA, USA). The effects of the test compounds on the release of β-hexosaminidase are expressed as a percentage, calculated using the following formula: percentage activity = [(β-hexosaminidase release with test compound)/β-hexosaminidase release without test compound] x100.
Measurement of anti-anaphylactic activity in mice.
The passive cutaneous anaphylaxis (PCA) reaction was conducted as described in a previous study (35) . The ICR mice were fasted 24 h prior to the experiment. The mice were sensitized by an intradermal injection of 0.1 µg of anti-dinitrophenyl (DNP) immunoglobulin E (IgE) in the ear under chloral hydrate anesthesia, and 3 h later, a test compound (100 mg/kg) or saline were orally administered. The mice were then challenged by an intravenous administration of 0.2 ml (1 mg/ml) of DNP-labeled human serum albumin containing 2% Evans blue dye. The animals in the control group were administered saline. Thirty minutes after the challenge, the mice were subsequently sacrificed by diethyl ether anesthesia and the ears were removed and weighed. These resulting solutions were incubated in 200 µl of 1 N KOH overnight at 64˚C for the measurement of the amount of Evans blue dye present in the exudates. The dissolved tissue solution was added to 400 µl of a mixture of acetone and 0.6 N phosphoric acid (5/13, v/v), and the optical density of the resulting solution was measured at 620 nm. The amount of dye in the exudates was calculated from an Evans blue standard curve and the results are expressed as the percentage of the mean exudate dye amount from the mice treated with the test compound compared to the controls.
Measurement of curcumin concentration in serum following the oral administration of the test compounds in mice.
The C57BL/6j mice were given only water for 24 h prior to the oral administration of the test compounds. The mice were orally administered 8 mg/kg body weight of the test compound or 200 µl of distilled water as a vehicle control. Blood was collected every 1 h from the tail vein until 5 h after the oral administration. Serum was separated by centrifugation at 5,000 x g for 10 min at 4˚C. Subsequently, one volume of acetonitrile was added to each volume of serum for deproteinization, and the mixture was centrifuged at 15,000 x g for 15 min. Following centrifugation, the acetonitrile phase was collected and passed through a 0.22 µm Millipore membrane filter (Millipore, Bedford, MA, USA) prior to analysis by high-performance liquid chromatography (HPLC).
The HPLC system comprised of a chromatographic pump (LC-20AD), a fluorescence detector (RF-10AXL) and a degasser (DGU-20A3) (all from Shimadzu Co., Ltd., Kyoto, Japan). A mobile phase consisting of acetonitrile and 20 mM formic acid (45:55, v/v) was used at a flow rate of 2 ml/min. A reversed-phase Mayysil RP-18GP column (4.6x150 mm, particle size 5 µm; Kanto Chemical Co., Inc., Tokyo, Japan) was used for the HPLC separation. The mobile phase was degassed using a bath-type sonicator (Branson-Yamato 2510, Bransonic; Emerson-Japan) before use. The HPLC running time was 10 min and fluorescence was detected at Ex 400 nm/Em 527 nm. The amount of curcumin in serum was calculated from the standard curve of fluorescence absorption by curcumin and the results were expressed as a percentage of the mean curcumin amount from the mice treated with the test compound compared with the controls.
Statistical analysis. All data are expressed as the means ± standard deviation (SD) of at least 6 independent determinations for each experiment. The statistical significance between each experimental group was analyzed using the Steel-Dwass test, and a probability value of 0.01 and 0.05 was used as the criterion of significance.
Results
Formulation of curcumin lipid nanoemulsions.
The 5 formulations of curcumin lipid nanoemulsion are listed in Table I . A curcumin loading dose of 15 mg was used. In this experiment, soybean oil was used as the oil component of the curcumin lipid nanoemulsions, since curcumin is a lipophilic molecule that exhibits limited solubility in water. A schematic illustrates the possible structure of the curcumin lipid nanoemulsion (Fig. 1) . HEPC and a co-surfactant, such as Tween-80, surround the soybean oil in which curcumin is dissolved.
The preparation conditions were optimized according to the sonication time and the temperature of the water bath. Curcumin lipid nanoemulsions with particle sizes of 50, 100 and 200 nm were successfully prepared. The particle size distribution of these nanoemulsions appeared as a single peak except for the 200-nm sample (Fig. 2A) . We also prepared a 50-nm blank emulsion without curcumin and a water suspended curcumin sample by sonication for 60 min at 33˚C (i.e., curcumin suspension) as controls. The particle diameter of the curcumin suspension could not be measured, as the particle size of the curcumin in this suspension was too large. The nanoemulsions were homogeneous, optically opaque systems during storage at 4˚C for over one month, whereas the curcumin suspension consisted of a yellow turbid layer on the top, and was unstable in dispersion (Fig. 2B) .
Inhibitory effect of curcumin lipid nanoemulsions on LPS-induced TNF-α secretion in vitro.
LPS-stimulated basophils produce and release cytokines, eventually recruiting inflammatory cells with neutrophils and eosinophils (36, 37) . The inflammatory cytokine, TNF-α, activates the nuclear factor-κB (NF-κB) signaling pathway by binding to the TNF-α receptor, thereby initiating an inflammatory response implicated in various inflammatory diseases (38) . The inhibitory effects of the various particle sizes of the curcumin lipid nanoemulsions against LPS-induced TNF-α secretion in RAW264.7 cells were examined and the anti-inflammatory effects of the formulations were determined. In the RAW264.7 cells, none of the prepared curcumin lipid nanoemulsions tested showed cytotoxicity at 10 µg/ml (data not shown); these nanoemulsions and the curcumin suspension had no effect on the proliferation of peritoneal macrophages. The RAW264.7 cells treated with 6.5 µg/ml of blank emulsion produced 693 pg/ml of TNF-α following stimulation with 50 ng/ml of LPS, and the TNF-α secretion in the controls was set at 100%. As shown in Fig. 3A , we found that 6.5 µg/ml of the 100-nm curcumin lipid nanoemulsion significantly suppressed the LPS-induced production of TNF-α, and the suppressive effects of the formulations were ranked as follows: 100-nm curcumin Table I . Formulation of the curcumin lipid nanoemulsions. emulsion > 200-nm curcumin emulsion > 50-nm curcumin emulsion ≈ curcumin suspension. This result suggested that the particle size of the curcumin lipid nanoemulsions is important for the suppression of TNF-α production.
Formulation ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Inhibitory effects of curcumin lipid nanoemulsions on LPS-induced serum TNF-α production in vivo.
To evaluate the anti-inflammatory effects of curcumin lipid nanoemulsions in vivo, we investigated their inhibitory activity against LPS-induced serum TNF-α production in mice. As shown in Fig. 3B , the administration of LPS (250 µg/kg) significantly increased the production of TNF-α; however, the blank emulsion at a dose of 8 mg/kg had no effect (100% TNF-α production). The 100-nm curcumin lipid nanoemulsion (8 mg/ kg) had the most prominent suppressive effect on the production of TNF-α among the formulations tested. The 50-and 200-nm curcumin lipid nanoemulsions slightly suppressed TNF-α production, whereas the curcumin suspension showed minimal effects. These in vivo results support the results of the in vitro experiment with cultured RAW264.7 cells. 
Inhibitory effects of curcumin lipid nanoemulsions on the release of β-hexosaminidase in vitro.
The release of β-hexosaminidase is commonly used as an indicator of mast cell degranulation (39) . The release of histamine and other chemical mediators from mast cells is important in initiating the immediate type anaphylactic reaction (40) . Thus, the effect of the curcumin lipid nanoemulsions on the release of β-hexosaminidase was investigated using RBL-2H3 cells treated with the calcium ionophore, A23187. The results confirmed that the nanoemulsions and the curcumin suspension did not affect RBL-2H3 cell growth and did not inhibit β-hexosaminidase enzyme activity (data not shown). The degree of degranulation was calculated from β-hexosaminidase activity in the supernatant and cell lysate. As a result, the 50-, 100-and 200-nm curcumin nanoemulsions inhibited the release of β-hexosaminidase by 35, 61 and 40%, respectively, at a dose of 10 µg/ml compared to the controls (curcumin suspension) (Fig. 4A) . These results indicate the importance of particle size in the activity of curcumin lipid nanoemulsions.
Anti-allergic effect of curcumin lipid nanoemulsions in vivo.
The IgE-mediated PCA reaction is frequently used as a tool for the in vivo investigation of the mechanisms of immediate hypersensitivity reactions (35) . In this study, we examined the in vivo bioactivity of curcumin lipid nanoemulsions against allergic reactions. The curcumin nanoemulsions (50, 100 and 200 nm) inhibited the PCA reaction in mice by 31, 85 and 69%, respectively, at a dose of 8 mg/kg (Fig. 4B) . By contrast, under the same conditions, the 50-nm curcumin emulsion and the curcumin suspension had no effect on the PCA reaction. These in vivo results support the observed in vitro inhibition of β-hexosaminidase release activity. The anti-allergic activity was ranked in the following order: 100-nm curcumin emulsion > 200-nm curcumin emulsion > 50-nm curcumin emulsion ≈ curcumin suspension.
Serum absorption of curcumin lipid nanoemulsions in mice.
From the above results, the 100-nm curcumin lipid nanoemulsion showed the strongest anti-inflammatory and anti-allergic activities in vitro and in vivo among the emulsions tested. In order to investigate in vivo serum absorption of the curcumin lipid nanoemulsions, we examined serum curcumin concentrations in mice over time. Fig. 5 shows the blood curcumin concentrations following treatment with the 50-, 100-and 200-nm curcumin emulsions. Two hours after the oral administration of the test compounds at a dose of 8 mg/kg, the highest curcumin blood concentration was observed with the 100-nm lipid nanoemulsion, followed by the 200-and 50-nm curcumin lipid nanoemulsions. These results suggest that the absorption efficiency differs according to the lipid nanoemulsion size, with the 100-nm particle size showing efficient serum curcumin absorption in mice.
Discussion
Curcumin is a lipophilic molecule that exists in the enol-tautomer form. It exhibits limited solubility in water, slight solubility in methanol, and good solubility in dimethyl sulfoxide (DMSO) and chloroform (41) . To overcome its limited water-solubility, a number of new approaches have been investigated to deliver curcumin effectively using a lipid-based nanoparticle carrier method, such as liposome encapsulation (42, 43) . The formulation of the curcumin lipid nanoemulsion in this study was modified from that for sulfoquinovosyl acylglycerol-containing emulsions previously demonstrated (44) . The main components of those emulsions were soybean oil, distilled water, sulfoquinovosyl acylglycerol, and HEPC from egg yolk. HCO-60 was used as a co-surfactant to effectively reduce the particle size, as well as load the nanoemulsion with the target compound (i.e., sulfoquinovosyl acylglycerol). Tween-80 was also effectively used as a co-surfactant to reduce the particle size of nanoemulsions. In a previous study of ours, we demonstrated that Tween-80 produced much smaller particles in curcumin lipid emulsions compared to HCO-60 (45). Thus, Tween-80 was used as the co-surfactant in this study. Notably, Tween-80 has been commonly used as a stabilizer in commercially available lipid emulsion preparations for some time (46, 47) . Thus, it is an attractive co-surfactant for curcumin nanoemulsions as it produces a curcumin emulsion with a particle size that is sufficiently small for long-term circulation in the blood and is capable of extravasating through blood capillaries in tissues under inflammatory and/or allergic conditions.
A good emulsion was obtained in the preliminary experiments with HEPC. Hence, HEPC was selected as the emulsifier for the curcumin lipid nanoemulsions (Table I) . In order to evaluate the effects of co-surfactant and the sonication time on the mean particle diameter of lipid nanoemulsions, a series of samples was prepared with Tween-80 as the co-surfactant and soybean oil as the oil component by increasing the sonication time, with 15 mg of initial curcumin loading ( Table I ). The nanoemulsions were prepared at an HEPC:co-surfactant weight ratio of 1:1.4. Thus, the outer monolayer of the oil core in the lipid nanoemulsions was composed of an HEPC:Tween-80 molar ratio of 5.7:4.3, assuming that all surfactant molecules were arranged on the interface of the oil core and water.
Soybean oil was assessed for use as the oil component. It has been widely used as a model system for lipid emulsion studies, and is commonly used for commercially available fat emulsions (48, 49) . In general, the formula of intralipid was composed of 10-30% w/w soybean oil. The viscosity range of soybean oil is between 69 and 10,000 mPa·s at 24˚C (50) . In this study, the curcumin nanoemulsion with soybean oil showed smaller particle diameters of 50 to 200 nm (Fig. 2) . This difference in the particle diameter may be attributed to the lower viscosity of the soybean oil, which readily allows the breakup of oil droplets during ultrasonication, generating smaller-sized nanoemulsions (32) .
The relatively small size of the droplets in nanoemulsions (<200 nm) means that they often have different physicochemical and biological properties than conventional emulsions (>200 nm). Furthermore, nanoemulsions have been reported to have better stability against particle aggregation and gravitational separation due to their small droplet size (26, 51) . The bioavailability of encapsulated lipophilic components within the gastrointestinal tract may be increased by using nanoemulsions due to their relatively small droplet size (52) . Thus, one of the objectives of the present study was to determine the influence of droplet size on curcumin bioactivities, such as anti-inflammatory activity (Fig. 3 ) and anti-allergic activity (Fig. 4) . The results of this study demonstrated that the 100-nm curcumin lipid nanoemulsion exhibited the highest bioactivity when orally administered to mice. These phenomena may be due to the fact that curcumin reaches a maximum blood concentration with the 100-nm lipid nanoemulsion (Fig. 5) . We are currently attempting to clarify the molecular mechanisms regulating the efficient serum absorption of curcumin, delivered in a 100-nm lipid nanoemulsion. Future studies on curcumin lipid nanoemulsions are warranted in pre-clinical in vivo models of inflammation, allergies and other diseases that may benefit from the effects of curcumin.
In conclusion, in this study, we focused on the in vitro and in vivo bioactivities of curcumin, such as the anti-inflammatory and anti-allergy effects. We investigated the effects of particle diameter (50, 100 and 200 nm) on the bioactivities of curcumin lipid nanoemulsions, and found that the 100-nm emulsion Figure 5 . Serum curcumin absorption efficiency after the oral intake of curcumin lipid nanoemulsions and curcumin suspension in mice. Time course of serum curcumin levels after the oral administration of 8 mg/kg of curcuminloaded samples in mice. The amount of curcumin was measured using high-performance liquid chromatography (HPLC) with fluorescence detection.
had the best bioactivity both in vitro and in vivo. The oral administration of the 100-nm nanoemulsion resulted in the highest serum curcumin absorption in mice. Curcumin lipid nanoemulsions provide an opportunity to expand the clinical repertoire of this efficacious agent by enabling its aqueous dispersion. The 100-nm curcumin nanoemulsion represents a promising tool when testing the potential bioactive effects of curcumin in clinical trials.
